A sodium ion-sensing plate was prepared as an easily-handled ion-sensing optical chemical sensor (optode) probe. The sensing plate consisted of an ion-sensing liquid thin layer containing a Na + -selective neutral ionophore (16-crown-5 derivatives) and a lipophilic anionic dye (KD-A3), which was placed on a chemically modified (octadecyl silanized) frosted glass plate that was covered with a cellulose dialysis membrane. This ion-sensing plate can easily determine Na + ranging from 10 -4 to 10 -1 M by simply dipping the plate into the sample solution. The response time was ca. 80 s for 10 -1 M NaCl with good reproducibility (relative standard deviation (RSD)=±1.33% for ten sequential measurements).
Ion-selective optodes have been actively developed in recent years and are firmly established as a conventional ion-sensing tool. Many kinds of ion-selective optodes for various analytes have been reported, such as Li + , 1 Na + , 2 K + , [3] [4] [5] NH 4 + , 6, 7 Mg 2+ , 8 Ca 2+ , [8] [9] [10] [11] [12] Zn 2+ , 13 Ag + , 14, 15 Hg 2+ , 14 UO 2 2+ , 16 Pb 2+ , 17 HSO 3 -, 18 Cl -, 19, 20 , and heparin; 21 their theoretical methodologies have also been investigated. 1, 3, 11, 22, 23 In the field of dry reagent chemistry, simple chemical sensing probes such as protein and sugar test papers were developed. 24 A combination of ion-selective optode methodology based on an ion-extraction or ion-exchange mechanism and dry reagent chemistry was carried out recently in our research group. 25 Here highly selective and sensitive ion determinations were successfully achieved using a plasticized poly(vinyl chloride) (PVC) membrane film containing a highly ion-selective ionophore and a lipophilic anionic dye. However, the response time of the sensing film based on PVC was slow in our previous results (normally 10 -15 min) due to the slow diffusion of the optically relevant chemical species in the bulk ion-sensing membrane phase. 25 This is a typical demerit in the analytical performance of the ion-selective film optodes which have high sensitivity and selectivity to the analyte. 25 To improve the response time of an ion-selective optode, the following two approaches are effective.
(1) Preparing as thin anion-sensing layer as possible to shorten the time required for the detection process. (2) Reducing the negative physical factors of the components which comprise the ion-sensing layer to increase the mobility of diffusion species which are related to the detection mechanisms.
In the first approach, however, shortening the thickness of the detection phase also shortens the light path length. Consequently, a lack of sensitivity would result. Thus regarding the second approach, we attempted to prepare a polymer matrix-less ("PVC-less") liquid membrane utilized as the ion-sensing layer. The plasticized PVC membrane normally consists of PVC and a membrane solvent as the platicizer. The typical PVC content in the membrane is 30 -40% by weight. In this case, the viscosity of this membrane is mainly governed by the PVC content of the membrane. The viscosity is generally affected by the diffusion coefficient of the optically relevant chemical species including a neutral ionophore which is often utilized as the ionselective and sensing component in the plasticized PVC membrane. In fact, a high PVC content caused a small diffusion coefficient of the ionophore, while a low PVC content produced the inverse results which were obtained with the PVC-based ion-selective electrode membrane. 26 An extreme situation of a large diffusion coefficient of the ionophore in the membrane is expected in the case where a "PVC-less" membrane is used. However, a liquid membrane alone is generally not physically stable. Thus, in this study, a hydrophobically modified frosted glass plate having a favorable adhesive property with high hydrophobicity by octadecyl silanization was prepared and utilized as the support for forming the thin liquid optode membrane. The surface was then covered with a cellulose dialysis membrane to prevent leaching of the liquid membrane component. The preparation and response characteristics of this novel ion-sensing plate are discussed for preparing a sodium ion-selective optode using the locally-devel-oped sodium ionophore based on a 16-crown-5 derivative (C14-DTM16C5 or C14-DD16C5) and a lipophilic anionic dye (KD-A3) as a model case of an easily-handled ion-optode probe.
Experimental

Reagents
Novel sodium ionophores (2,2,3,3,11,11,12,12-octamethyl-6-tetradecyl-1,4,7,10,13-pentaoxacyclohexadecane (C14-DTM16C5) and 6-tetradecyl-2,6, 13,16,19-pentaoxapentacyclo [18.4.4.47, 12. 01.20.07, 12]dotriacontane (C14-DD16C5)) and a lipophilic pH indicator dye (N-2,4-dinitro-6-octadecyloxyphenyl-2′,4′-dinitro-6′-trifluoromethylphenylamine (KD-A3)) were synthesized according to the previous report. 1, 27 Octadecyltriethoxysilane and bis(2-ethylhexyl)sebacate (BEHS) were purchased from Shin-etsu Chemical Industry Co., Ltd. (Tokyo, Japan), and Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan), respectively. The cellulose dialysis membranes of 20 µm thickness were purchased from Sanko Chemical Industry Co., Ltd. (Tokyo, Japan). Reagents of the highest grade commercially available were used for the preparation of the aqueous test electrolytes. The distilled and deionized water used had a resistivity of more than 1.5×10
7 Ω cm at 25˚C.
Surface modification of the frosted glass plate
One-millimeter-thick frosted glass plates (25×8 (mm 2 )) were immersed in 50 ml of methanol, and 385 mg of octadecyltriethoxysilane was then added in the solution. This reaction mixture was refluxed for 24 h. In this case, ten pieces of glass plate were reacted at the same time. After the reaction, the octadecyl groupmodified frosted glass plates were washed with methanol to remove the unreacted reagent.
Preparation of chemical sensing plates
The organic liquid containing BEHS as a highly lipophilic organic liquid, the neutral ionophore and KD-A3 dye were mixed in a small glass vial. A very small droplet (~0.01 g) of the prepared organic liquid was coated on both sides of the glass plate as thin as possible (approx. 3 -5 mm order thick), here a small pick was used for coating of the liquid. The structure of the chemical sensing plate is shown in Fig. 1 . In this case, two kinds of Na + -sensing organic liquid layer were prepared. One of them was prepared with 0.12 M C14-DTM16C5 and 0.24 M KD-A3 in BEHS. The other was prepared with 0.036 M C14-DD16C5 and 0.072 M KD-A3 in BEHS. The dialysis membrane was immersed in water for 24 h, and the membrane was then washed with dilute hydrochloric acid and pure water to eliminate ionic species in the membrane. Glass plates were coated with the Na + -sensing organic liquid to prepare a thin liquid layer that was further covered with the dialysis membrane, and the edge was tightly closed with a plastic fastener.
Absorbance measurements
The absorbance measurements for the sensing plate were carried out with the same system as reported previously. 25 The double-beam spectrophotometer (U-2000; Hitachi Co., Ltd., Tokyo, Japan) and a normal conventional glass vessel (ca. 4-ml capacity standard optical cell) were used. The sensing plate was immersed in the glass vessel filled with the sample solution while its absorbance was monitored. The reference cell (glass vessel) of the spectrophotometer was filled with the same sample solution in order to com- pensate for the background absorbance in the measurement spectrum.
Results and Discussion
The response mechanism of the ion-selective optode is based on ion-pair extraction by forming a cation, an ionophore, and a deprotonated lipophilic anionic dye complex, in which the chemical reaction can be represented by the following equation. 1, 3, 11, 15, 25 
In this equation, S is a cation-selective neutral ionophore, i z+ is the primary cation having the charge number z, H + is a proton, AH is a protonated lipophilic anionic dye, and SiA is the ion-pair species produced, the subscript o represents the organic phase, in which p:m (ion-ionophore) complex formation and electroneutrality (zp=n) in the organic phase were assumed. The response characteristics of the ion-sensing plate discussed here, which is constructed with an ion-sensing liquid thin layer membrane coated on a frosted glass and covered with a cellulose dialysis membrane, also shows a similar response mechanism based on Eq.
(1).
Generally, the frosted glass plate was not fully transparent, but after the organic layer was coated on the plate, it was nearly as clear as the normal transparent glass plate. The experimentally obtained background absorbance was slightly higher (ca. 0.1 -0.2 absorbance unit (A.U.)) compared with that of the normal transparent glass plate due to the light scattering at the frosted surface.
Firstly, we prepared an ion-sensing plate without a dialysis membrane covering; i.e., the glass plates were coated only with the ion-sensing liquid thin layer. This sensing plate exhibited a fast response (the time required for equilibrium steady response was a few seconds) when it was immersed into the sample solution. However, the response absorbance gradually decreased with several sequential measurements due to the mechanical leaching of the liquid membrane components. Thus we prepared the sensing plate in which the sensing liquid layer was coated with a cellulose dialysis membrane as shown in Fig.1 . Figure 2 shows a typical response curve of the dialysis membrane-coated Na + -sensing plate based on C14-DTM16C5 and KD-A3. This sensing plate responded to sodium ion in concentrations ranging from 10 when the sensing plate was immersed in 10 -1 M NaCl solution buffered to pH 8. The response time obtained was longer than that of the sensing plate without the dialysis membrane. However, this response time was very short compared to that of the PVC-based Na + -sensing plate reported previously, of which the response time was ca. 10 min. 25 In the response mechanism of the ion-selective optode, the analyte cation in the water phase is extracted into the membrane phase, as shown in Fig. 3 . The extracted cation then diffuses into the bulk of the membrane phase as the ion-pair complex with the ion-ionophore and the anionic dye. Thus, the response time is mainly governed by the mobility of the ion-pair complex as an optically relevant chemical species in the organic layer. Oesch and Simon investigated the kinetic behavior of some neutral ionophores in the plasticized PVC membrane. 26 Their results suggests that the diffusion coefficient of a certain ionophore in the PVC membrane plasticized with o-nitrophenyloctylether (o-NPOE), which is a typical plasticizer, is approximately one order of magnitude smaller than that with o-NPOE alone (without PVC). Thus, in our optode case, the ion-sensing plate without the dialysis membrane responds to sodium ion very quickly (~3 s), while the experimentally obtained response time of the sensing plate using the dialysis membrane is approximately 80 s (sample: 10 -1 M NaCl), which is governed mostly by the ion diffusion through the dialysis membrane of 20 µm thickness. Figure 4 shows typical response profiles of the ionsensing plate based on C14-DTM16C5. This Na + -sensing plate exhibited excellent reproducibility with a relative standard deviation (RSD) of ±1.33% for ten sequential measurements. Besides, this sensing plate showed the same absorbance value when the same sample solution was measured the next day. This Na + -sensing plate can be used not only for disposable purposes but also for several sequential measurements with good reproducibility. On the other hand, the Na + -sensing plate without the dialysis membrane exhibited poor reproducibility. These results suggested that the cellulose dialysis membrane plays an effective role in preventing the leaching out of the liquid membrane components into the water phase. Figure 5 shows the typical response curve of the Na + -sensing plate based on C14-DD16C5 and KD-A3. This sensing plate also responded to sodium ions in a way similar to that of the C14-DTM16C5-based sensing plate shown in Fig. 2 . However, the dynamic range was slightly shifted downfield (lower concentration region) compared to that of the C14-DTM16C5-based sensing plate. This result can be attributed to the difference in the stability constant of the ionophore employed.
Based on the response mechanism model shown in Fig. 3 , the activity of the analyte ion (i z+ ) can be represented by the following equation: 1, 3, 11, 15, 25 
where the ion-pair extraction equilibrium constant (total extraction constant of the optically important chemical species, S m i p A n ) and activities of the analyte ion are defined as K and a, respectively. A, Φ, ε, and b are the absorbance, the detection light collection efficiency, the molar absorption coefficient of the dye, and the effective light path length of the sensing membrane (membrane thickness), respectively. Based on Eq.(2), a large total extraction constant (K) indicates an optode having an effective measurement range in the low concentration region, compared to that having a small K value. 1, 3, 11 This total extraction con-
ANALYTICAL SCIENCES FEBRUARY 1998, VOL. 14 stant (K) of the optode is dependent on the partition coefficients (k) of the membrane components, the stability constant (β) of the ion-ionophore complex, the acid dissociation constant (K a ) of the dye, and the ionpair formation constant (K as ). 1, 3, 11 Among these constants, the stability constant plays an important role for obtaining the large total extraction constants. Focusing on the difference in chemical structures between C14-DD16C5 and C14-DTM16C5, we see that C14-DD16C5 has a more rigid structure than that of C14-DTM16C5. The four oxygen atoms bonded to two decaline units in C14-DD16C5 molecule are favorably preorganized for the complexation to sodium ion. Because of this reason, the stability constant of C14-DD16C5 might be larger than that of C14-DTM16C5. Thus the favorable dynamic range shift was observed in the case where C14-DD16C5 was used as the Na + -sensing component for the optode.
This sensing plate based on C14-DD16C5 responded to sodium ion in the range from 10 -4 M to 10 -1 M at pH 7.4, as shown in Fig. 5 , which corresponds to the physiological pH condition, and has excellent Na + -selectivity relative to other interfering cations (logK opt Na,j <-3.5, j=K + , Mg 2+ , Ca 2+ ). Thus this sensing plate could be utilized as simple ion-sensing probe for clinical applications.
In conclusion, a highly selective sodium ion-sensing plate was prepared with a cellulose dialysis membrane, a glass plate and a PVC-free liquid membrane containing a 16-crown-5 derivative and a lipophilic anionic dye. Sodium ion determination with this sensing plate was quite simple and easy. Furthermore, this sensing plate satisfied the required selectivity for the application to clinical analysis. Thus this plate can be utilized as the easily-handled ion sensing tool.
